Background: As a neutral lipid and prominent component of the Western diet, cholesterol levels might be a risk factor for prostate cancer. However, current evidence has been inconsistent. This meta-analysis aimed to evaluate the association between blood cholesterol levels and the risk of prostate cancer.
Introduction
Cholesterol, a modified steroid lipid that makes up about one third of the lipid content of the plasma membrane, is an essential structural component of cell membranes (1) . Cholesterol is the principal sterol synthesized in the human liver. Major food sources of cholesterol include cheese, egg yolks, beef, pork, poultry, fish, and shrimp (2) . Western diets of excess cholesterol may cause hypercholesterolemia in developed countries. Hypercholesterolemia presents with high cholesterol levels in the blood (3). Hypercholesterolemia is not a disease, but a metabolic derangement that can be secondary to many diseases, and can contribute to many types of disease, most notably cardiovascular disease.
Prostate cancer is the second-most frequently diagnosed cancer and the sixth-leading cause of cancer-related death in men (4) . Although the causes of prostate cancer are not understood, it is apparent that both genetic factors and environmental factors play important roles in risk of prostate cancer. Geographically, prostate cancer has a high incidence in Western Europe and North America, but a low incidence in Asia (4) , which suggests that the Western lifestyle or environment might have a causal role in the incidence of prostate cancer in these areas. In addition, the prevalence of elevated blood total cholesterol (TC) levels was highest in the WHO Region of Europe (54% for both sexes) followed by the WHO Region of the Americas (48% for both sexes); the prevalence of high TC levels was the lowest in the WHO African Region (22.6%) and the WHO South East Asian Region (29.0%; ref. 5). Hence, prostate cancer risk has been suggested to be related to the high levels of circulating cholesterol concentrations.
According to studies of mechanisms and epidemiologic studies, some reviews have proposed that a high blood cholesterol level might be a risk factor for prostate cancer (6) (7) (8) , and some studies have suggested that high TC level might increase the risk of high-grade or advanced prostate cancer rather than total prostate cancer (6, 9) . Some epidemiologic studies and preclinical models also suggest that high levels of cholesterol in blood may be associated with the risk of prostate cancer (6) . However, the findings from these epidemiologic studies are inconsistent (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) , as some studies have reported that high levels of cholesterol increased risk of prostate cancer (15, 16, 18) , and some studies have reported no association between cholesterol and risk of prostate cancer (10-14, 17, 19, 21-23) . Moreover, high cholesterol has been proposed to be closely associated to late-stage prostate cancer, and cholesterol may play a promotional role in late-stage prostate cancer development and progression (11, 15, 18, 19) . Therefore, this meta-analysis comprehensively summarized the results of prospective studies that focused on the association between blood cholesterol level and risk of prostate cancer.
Materials and Methods

Search strategy
We systematically reviewed MEDLINE and EMBASE through March 2014 to identify all relevant articles. We used the following MeSH terms for exposure: lipid level, cholesterol, high-density lipoprotein, HDL, low-density lipoproteins, LDL. We combined these terms with the following terms using corresponding free-text words for the outcomes: prostate neoplasm, prostate neoplasms, prostatic neoplasm, prostatic neoplasms, prostate cancer, prostate cancers, prostatic cancer, and prostatic cancers. Moreover, we reviewed reference lists from retrieved articles to identify any potentially relevant studies. This systematic review was planned, conducted, and reported according to the Meta-analysis of Observational Studies in Epidemiology (MOOSE; Supplementary Table S1; ref. 24 ).
Inclusion criteria
We included studies if they met the following criteria: (i) studies published in English; (ii) studies designed as a prospective method (including cohort, case-cohort, and nested case-control); (iii) exposure factors were levels of cholesterol (TC, LDL, or HDL) in blood serum or plasma; (iv) the outcome of interest was prostate cancer; (v) relative risk (RR), odds risk (OR), or HR estimates with 95% confidence intervals (CI; or sufficient information to calculate these data) for more than three categories of cholesterol levels were reported; and (vi) when duplicated reports were published from the same population, we included the most recent or complete publications.
Data extraction
Data abstraction was conducted independently by two authors (D. Chen and Z. YaShuang) according to the standard forms specifically created for this systematic review and meta-analysis, and any disagreement was resolved by consensus. The following information was extracted for each retrieved article: name of the first author, publication year, study design, study period or follow-up time, country, mean age or age range of participants at baseline, number of prostate cancer cases, sample size, variables that were adjusted for or matched in each retrieved article, and effect estimates with corresponding 95% CIs for the highest versus the lowest categories of blood TC, LDL, or HDL cholesterol levels.
Quality assessment
We chose to use the 9-star Newcastle-Ottawa Scale (NOS) to assess the studies' quality (Supplementary Table S2 ; ref. 25) . The NOS consists of three parts of quality: selection, comparability, and outcome. The maximum points for four points for selection, two points for comparability, and three points for outcome were assigned, respectively. Quality assessment was conducted independently by two authors (D. Chen and Z. YaShuang), and discrepancies were resolved by consensus.
Statistical analysis
The maximally adjusted effect estimates with 95% CIs were used in this meta-analysis. Of the included studies, some calculated ORs or RRs using logistic regression analysis to estimate the risk of prostate cancer; other studies calculated HRs using Cox proportional hazard models. Because the prostate cancer incidence was low, we used both HRs and ORs to approximate RRs. Study-specific effect estimates were pooled using a random-effect model meta-analysis. We first separately pooled RRs with the corresponding 95% CIs for the highest versus the lowest categories of blood TC, LDL, and HDL cholesterol levels. The pooled RRs between cholesterol levels and high-grade prostate cancer were also calculated.
To evaluate the dose-response relationship between the levels of blood TC, HDL or LDL and the risk of prostate cancer, we used the method described by Orsini and colleagues (26) using all available category points from each study. In linear doseresponse analysis, the generalized least-square (GLST) regression model was used to evaluate the study-specific linear trends. The GLST model included a fixed-effects model and a random-effects model. In our analysis, we observed obvious heterogeneity after accounting modifiers, random-effects model was necessary to estimate summary trend according to Orsini and colleagues opinion. Because the included studies used two different measurement units of mmol/L and mg/dL for blood cholesterol, we converted these into mmol/L (blood TC, HDL, and LDL, 1 mg/dL ¼ 0.026 mmol/L). As only a few studies reported the HDL and LDL, we only performed subgroup analysis for TC by study population (American, European, and Asian), study design (cohort study versus others), duration of follow-up (<10 years vs. 10 years), number of patients with prostate cancer (<1,000 vs. 1,000), and adjustment for body mass index (BMI; yes vs. no). Sensitivity analyses were repeated using a fixed-effect model and were used to evaluate whether the results could have been markedly changed by removing the most relatively weighted study from each subgroup analysis.
The statistical heterogeneity of the risk estimates was assessed by using the Q and I 2 statistics. For I 2 statistics, we considered low, moderate, and high degrees of heterogeneity to be I 2 statistics below 25%, 25% and 75%, and above 75%, respectively. The publication bias was evaluated with a funnel plot and was further examined quantitatively using the Begg's rank correlation and Egger's linear regression tests for funnel plot asymmetry. All statistical analyses were performed using Stata statistical software version 12 (StataCorp.); all P values were two-sided, and P values <0.05 were chosen for significance.
Results
Literature search Supplementary Fig. S1 shows the results of the literature search. We retrieved 1,276 articles (1051 in MEDLINE and 225 in EMBASE) in our initial searches. After screening titles and abstracts, 38 studies were considered to be potentially eligible; after retrieving full texts, there were 8 retrospective studies and 2 studies that reported RRs by per unit only. In addition, 2 prevalence studies and 12 duplicates were excluded. In total, 14 articles (1 nested case-control study, 3 randomized intervention studies, Research.
on June 21, 2017. © 2015 American Association for Cancer cebp.aacrjournals.org Downloaded from and 10 cohort studies) were included in this analysis (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . In the 14 included studies, the retrospective cohort study by Farwell and colleagues (18) was also included because it prospectively measured serum cholesterol levels.
Study characteristics and quality assessment
The characteristics of the 14 included studies are summarized in Table 1 . The additional information (levels of HDL and LDL, adjusted variables) are shown in Supplementary Table S3 . The 14 included studies were published between 1995 and 2014. The follow-up duration ranged from 6 years up to 36 years. In the 14 included studies, 5 studies were conducted in the American population, 7 in the European population, and 2 in the Asian population. Most studies adjusted or controlled risk estimates by age (12 studies) or BMI (8 studies).
For TC, there were 23,142 prostate cancer cases from the 14 included studies across 737,217 total participants. As for HDL, 6 studies reported the association between blood HDL levels and the risk of prostate cancer. Only 4 studies reported the RRs of blood LDL levels relating to the prostate cancer risk.
Total cholesterol
Highest versus lowest of TC. The pooled results combined for the highest versus lowest TC levels are shown in Fig. 1 . For the association between TC levels and risk of prostate cancer, the general studies reported null results with the exception of the two Asian studies. The overall pooled RR for the highest versus lowest levels of TC was 1.05 (95% CI, 0.97-1.14; P ¼ 0.21 Table  S4 ).
Subgroup analyses. The stratified analyses were defined by the study population, study design, follow-up times, number of patients with prostate cancer, and adjustment for BMI ( Table  2 ). The effects of TC on the risk of prostate cancer differed across different populations (Table 2) . TC was not related to the risk of prostate cancer in the European population (RR, 1.01; 95% CI, 0.94-1.07; Table 2 ) and the American population (RR, 1.06; 95% CI, 0.88-1.29; Table 2 ), whereas TC significantly increased the risk of prostate cancer in the Asian population (RR, 1.25; 95% CI, 1.05-1.49; Table 2 ). For the heterogeneity of pooled results of TC, the subgroup analysis by study population showed that the heterogeneity was substantially reduced in different study populations (Table 2) .
HDL and LDL cholesterol
Highest versus lowest of HDL and LDL. The pooled RRs of prostate cancer for the highest versus lowest of HDL and LDL levels were 0.93 (95% CI, 0.80-1.10; P ¼ 0.40; Fig. 3 ) and 1.17 (95% CI, 0.88-1.55; P ¼ 0.51; Fig. 3 
0.02).
We did not detect a potentially nonlinear dose-response relationship (P ¼ 0.06; Fig. 4 and Supplementary Table S4) . When examining LDL, 4 studies were included to assess the doseresponse relationship between LDL and risk of prostate cancer. A 1 mmol/L increment in LDL level conferred an RR of 1.04 (95% CI, 0.98-1.10; P ¼ 0.24; Supplementary Table S4) using the twostage random-effects dose-response model with heterogeneity (P ¼ 0.03). We found no evidence of a statistically significant departure from a nonlinear dose-response relationship (P ¼ 0.49; Fig. 4 and Supplementary Table S4) .
Sensitivity analyses and published bias
The sensitivity analyses by repeating the analysis with fixedeffect models showed that all of the pooled results were consistent (Supplementary Table S5 ) with the exception of the subgroup of TC by high-grade prostate cancer and the pooled results between HDL and the risk of prostate cancer. In addition, the sensitivity analyses showed that none of the individual studies substantially affected the pooled results for any of the outcomes (Supplementary Table S5 ). No evidence of publication bias was found by using funnel plots ( Supplementary Fig. S2 ), the Begg's rank correlation test, or the Egger's regression test (Table 2) .
Discussion
In this meta-analysis of 23,142 prostate cancer cases, we did not observe any association between risk of prostate cancer and blood levels of TC, HDL, or LDL. When restricting to those patients with a high-grade of prostate cancer, blood TC, HDL, and LDL levels were not associated with the risk of high-grade prostate cancer. All of the subgroup analyses also showed no association between blood TC levels and risk of prostate cancer, with exception of a subgroup of Asian participants from only 2 studies.
This meta-analysis showed that higher levels of TC, HDL, or LDL in the blood were not associated with the risk of prostate cancer or high-grade prostate cancer. However, some retrospective studies and preclinical studies have recently proposed that blood cholesterol might play an important role in the progression of prostate cancer. A range of different biologic mechanisms have been proposed, including effects on cell proliferation, inflammation, membrane organization, and steroidogenesis, and it has been proposed that high cholesterol increases the risk of prostate cancer. Some preclinical studies reported that cholesterol levels might affect prostate cell growth and/or survival. Using a xenograft model, Zhuang and colleagues (27) and Solomon and colleagues (28) found that hypercholesterolemia accelerated the growth of prostatic tumors, whereas hypocholesterolemia had the opposite effect and retarded tumor growth. Using the TRAMP mouse model, an autochthonous model of prostate cancer, hypercholesterolemia was shown to result in increased tumor volume and progression as well as increased tumor incidence and metastases to the lung (29) . Some experimental studies also showed that cholesterol was an important element controlling signaling events in prostate cancer cells (27, 30, 31 (34) provided evidence that partly supported our results. In addition, a meta-analysis of 27 randomized controlled trials published in the Lancet in 2012 reported that there was no association between lowering LDL-C with statins compared with lowering LDL-C with control therapy and total cancer incidence risk (35) . In subgroup analyses of TC, we noted that high TC concentrations only significantly increased the risk of prostate cancer in the Asian population. Explaining the different effects of TC on the risk of prostate cancer in different populations is difficult. However, the incidence of prostate cancer in Asians was significantly lower than the population in developed countries, and there are obvious differences in the diets between Asians and populations in developed countries. Specifically, Western diets have more excess cholesterol than Asian diets. Moreover, there are differences in genetic susceptibility, culture, and lifestyles. Taken together, these reasons may partly explain the inconsistent results. It cannot be ruled out that the reason for the significant effect of TC on risk of prostate cancer was caused by the limited numbers of included studies (only 2 studies).
Regarding HDL, we could not draw a definite conclusion for the nonsignificant association between HDL and prostate cancer risk, based on the currently available evidence in this meta-analysis. The sensitivity analysis showed an inverse association using a fixed-effect model (RR, 0.90; 95% CI, 0.83-0.98; Supplementary Table S5 ). Meanwhile, there was an inverse association (RR, 0.95; 95% CI, 0.91-0.99; Supplementary  Table S4) between HDL levels and prostate cancer risk using linear fixed-effect dose-response analysis and the result (P ¼ 0.06; Supplementary Table S4) of nonlinear dose-response analysis was close to the artificial threshold for statistical significance. More relevant studies are warranted to assess the potential effect of HDL on prostate cancer risk.
Strengths and limitations
This meta-analysis had several strengths. First, this meta-analysis is designed to quantitatively summarize the results from only quantitative prospective studies, which could partly eliminate selection bias and recall bias. Second, we included a large sample size of participants (23, 142 prostate cancer cases from a total of 737,217 participants) involving different general populations throughout the world. However, this study also has several limitations. First, although the included studies adjusted or controlled for various risk factors (e.g., age, BMI, and physical activity), the unmeasured residual confounders cannot be excluded. Second, blood cholesterol levels were only assessed at baseline in the 14 included studies, which could lead to the loss of information about the change in blood cholesterol levels on the development and progression of prostate cancer. In addition, because of the limited number of included studies that focused on HDL and LDL, we could not use subgroup analyses to evaluate the effect of HDL and LDL on risk of prostate cancer in different subgroups. In addition, we summarized the effect estimates and 95% CIs for the highest versus lowest levels of cholesterol in this meta-analysis, in which different groups were pooled together. Finally, caution is required that the nonsignificant association for highgrade prostate cancer may be due to the limited studies and future well-designed studies are required to clarify this issue.
Conclusion
In conclusion, findings from this meta-analysis of 14 prospective studies suggest that higher levels of TC, HDL, or LDL were not associated with the risk of prostate cancer.
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